Antibiotic resistant bacterial pathogens are increasingly prevalent, driving the need for alternative 14 approaches to chemical antibiotics when treating infections. One such approach is bacteriophage 15 therapy: the use of bacteria-specific viruses that lyse (kill) their host cells. However, while the effect of 16 environmental conditions (e.g. elevated temperature) on antibiotic efficacy is well-studied, the 17 generalized effects of environmental stressors on the potency of phage therapy candidates are seldom 18 studied. Therapeutic phage OMKO1 infects and kills the opportunistic human pathogen Pseudomonas 19 aeruginosa, while selecting for the evolution of antibiotic re-sensitivity in the target bacterial 20
Introduction 30
Widespread use of antibiotics -particularly in human therapy and animal agriculture -has selected for 31 the evolution of multi-drug resistant bacterial pathogens, commonly associated with poorer prognosis 32 and higher morbidity in human infections [1, 2] . One alternative or complementary approach to treating 33 bacterial infections with chemical antibiotics is bacteriophage therapy [3] , where bacteria-specific 34 viruses with lytic replication cycles are used to kill (lyse) target bacterial cells. With any therapeutic 35 treatment, understanding the effect of environmental conditions on efficacy is paramount. The effects 36 of conditions like high temperature on the stability and application of chemical antibiotics is classically 37
shown [4] [5] [6] [7] . In contrast, despite increasing development of phage therapy approaches, the effects of 38 various environmental conditions on phage stability and subsequent reproduction on host cells often 39 remains untested. Here, we use a therapeutic phage for a common human pathogen as a model of 40
phage stability under a range of environmental conditions. 41
The need for novel approaches to treat bacterial pathogens varies greatly between infections: some 42 strains of bacterial pathogens remain treatable with conventional antibiotics, while others show 43 resistance across multiple drug classes, sometimes to all currently-approved antibiotics [8] . One of these 44 multi-drug resistant bacterial pathogens is Pseudomonas aeruginosa, which has been identified by the 45
World Health Organization as a high-priority threat to human health [9] . P. aeruginosa is a widespread 46 gram-negative opportunistic pathogen that is commonly found in both natural habitats (e.g., soil, fresh 47 water) and artificial environments (e.g., sewage, households, hospitals, and contaminated medical 48 equipment) [10] [11] [12] [13] . For these reasons, P. aeruginosa is frequently encountered by humans and causes 49 urinary-tract and respiratory infections in immunocompromised individuals, as well as fouling surgically-50
implanted materials and devices [14, 15] . Individuals with cystic fibrosis (CF), non-CF bronchiectasis, and 51 chronic-obstructive pulmonary disease (COPD) are especially vulnerable to lung infections caused by P. 52
aeruginosa. Treatment of P. aeruginosa with chemical antibiotics is often ineffective because the 53 bacteria readily form biofilms that limit the penetrance of antibiotic molecules and due to multi-drug 54 efflux (Mex) systems: protein complexes that actively remove various types of antibiotics from the cell 55 [16] [17] [18] . 56
As an alternative or complementary approach to treating P. aeruginosa, phage therapy has many 57 attractive advantages, such as the ability for the phage 'drug' to self-amplify within the infection site. 58
However, phage therapy also has some disadvantages, most notably the rapid evolution of bacterial 59 resistance to lytic phage infection [19] . We previously described a naturally-occurring phage that 60 leverages this inevitability of phage-resistance evolution as a strength [20] . 1.5% agar plates and liquid media made from Lysogeny Broth (LB: 10 g/L tryptone, 10 g/L NaCl, 5 g/L 93 yeast extract). Bacteria were incubated at 37°C, and overnight batch cultures were grown with shaking 94 (100 rpm) in 10mL broth, by inoculating with a single randomly-chosen colony. Bacterial stocks were 95 stored in 40% glycerol at -80°C. 96
Phage OMKO1 was originally isolated from an aquatic sample (Dodge Pond, East Lyme, CT) enriched on 97 PAO1 (Chan et al., 2016) . High-titer stocks (lysates) of the phage were obtained by mixing 10l of the 98 original stock with 10ml of PAO1 culture in exponential phase. After 12 hours to allow phage population 99 growth, the mixture was centrifuged and filtered (0.22m) to remove bacteria to obtain a cell free 100 lysate. Phage lysates were stored at 4°C. Five biological replicate OMKO1 stocks (S3, S8, S11, S16, R3) 101 used in some experiments were generated by adding 10l of the original stock into 5 independent 10ml 102 PAO1 cultures in exponential phase. For simplicity, these were labeled stocks A, B, C, D, and E, 103
respectively. 104
Measuring Bacterial and Phage Densities 105
The density of a bacterial suspension was estimated using measurements of optical density at 600nm 106 (OD600), based on a pre-generated standard curve for conversions between OD600 and colony forming 107 units (CFU) per mL in a bacterial culture. 108
Estimates of phage titers were obtained via classic plaque-assay methods [31] . Lysate samples were 109 serially diluted in LB, and 100 μL of phage dilution were mixed with 100 μL overnight PAO1 culture and 110 added to 4 mL 'soft' (0.75%) agar LB held at 55°C. After gentle vortexing, the mixture was immediately 111 spread onto a 1.5% agar LB plate. When solidified, plates were inverted and incubated overnight at 112 37°C. Plates with countable plaques were used to calculate the number of plaque-forming-units (PFUs)  113 per mL in the lysate. 114
Analysis 115
All analysis was carried out in R (3.6.0) using dplyr (0.8.2), figures were made using ggplot2 (3.2.0) and 116 ggsignif (0.6.0) [32] [33] [34] [35] . 117
Urea & salt stress survival 118
To measure effects of urea (carbamide) and salt (NaCl) on phage stability, 10 μL of phage stock A (see 119
Strains) was added to 1 mL of either urea or salt solution at a defined concentration, and vortexed to 120 mix thoroughly. Only a single replicate (n=1) was exposed to each concentration. After a specified time, 121 50 μL were removed and immediately diluted 200-fold to terminate the stress condition. Then, the 122 stressed samples were titered in triplicate to calculate survival following stress (except the controls, 123 0.17M [i.e., LB medium] for saline and 0M for urea, which were titered singly). We then fit a generalized 124 linear model and carried out an ANCOVA. For urea, the model was of log10(percent survival) as a 125
function of urea concentration (as a factor) and the interaction between concentration and duration; for 126 salt, of log10(percent survival) as a function of saline concentration (as a factor) and the interaction 127 between concentration and duration. Values below the limit of detection and treatments that had fewer 128 than 3 points above the limit of detection were excluded from statistical analyses and plots. 129
Heat stress survival 130
To measure effects of heat on phage stability, for each temperature-duration treatment 100 μL of a 131 single OMKO1 phage stock (for Fig 3A, only Stock A) stored in LB media was split evenly into two 132 replicate 250 μL Eppendorf tubes and placed in a pre-heated MyCycler PCR block (BioRad Laboratories,  133 Inc., Hercules, CA) with an established temperature gradient (30-80°C, at 5°C intervals). Tubes were 134 removed from the heat block after specified times, and immediately cooled on ice to halt the stressful 135 condition. The two replicate tubes were mixed together, and then titered in triplicate to calculate 136 percent survival. We then fit a generalized linear model and carried out an ANCOVA. For Fig 3A, the 137 model was of log10(percent survival) as a function of temperature (as a factor) and the interaction 138 between temperature and duration; for Fig 3B, of log10(percent survival) as a function of phage stock 139 and the interaction of phage stock and duration. Values below the limit of detection and treatments that 140 had fewer than 3 points above the limit of detection were excluded from statistical analyses and plots. 141
Measuring phage fitness by bacterial growth curves 142
To measure phage fitness post heat stress, phages were subjected to heat stress as described above 143 then titered. These samples were then normalized by concentration to combine a defined number of 144 post-stress PFUs with bacteria in a 200 μL volume of LB in replicate wells (n = 3 or 6) of a 96-well plate 145 (Corning Inc., Corning, NY). For most populations, 200 PFUs were inoculated in each well. However, 146
because of low phage survival rates at longer heat shock times, some wells received fewer PFUs ( Fig S2) . 147 Across all wells, however, bacteria and phage were inoculated at a constant multiplicity of infection 148 (MOI; ratio of phage particles to bacterial cells) of 10 -5 . Plates were incubated overnight at 37°C and an 149 automated spectrophotometer (INFINITE F500 microplate reader, TECAN Schweiz AG, Männedorf,  150 Switzerland) was used to monitor changes in the bacterial density (OD600), as described above. Growth 151 curves were smoothed and the first local maximum optical density of the bacterial population was used 152 as a reverse proxy for the fitness of phage [36] ; see R script at https://github.com/mikeblazanin/tin-153 omko1. We then fit a linear model and carried out an ANOVA for peak bacterial density as a function of 154 heat shock treatment (as a factor), phage stock, and treatment-stock interaction. Treatments which 155
were not initially inoculated with 200 PFUs were excluded from statistical analyses. Post-hoc pairwise 156
comparisons between all levels of the heat shock treatment were performed with Tukey's Honest 157
Significant Differences. 158
159
Results 160 To estimate the tolerance of phage OMKO1 to salt stress, we exposed samples of phage OMKO1 to 161 seven different NaCl concentrations ranging from 0.5M to 5M saline (n=1 per treatment), including 162 0.17M saline (i.e., LB medium) as a control. In each treatment environment, subsamples were obtained 163 at 5, 30, 60 and 90 minutes to create 28 test measures (7 salt environments x 4 time points). We then 164 measured the number of phage particles (PFU) that remained viable ('survived') for infection ability on 165 P. aeruginosa bacteria in each subsample. These measures were compared to the number of phage 166
particles measured at 5 minutes in the control environment to estimate changes in percent survival over 167 time. Results (Fig. 1) showed that saline concentration did not significantly alter the rate of particle To measure phage particle survival of saline stress, phage OMKO1 was exposed to a range of salt 174 concentrations then titered over time. Mean percent survival was calculated and is plotted 175
relative to the titer of the 5-minutes control (0.17M -LB media). The dashed line denotes 100% 176 survival, while the dotted line denotes the limit of detection. 177
178
To estimate the tolerance of phage OMKO1 to urea stress, we exposed samples of phage OMKO1 to 179 eleven different urea concentrations ranging from 1M to 10M urea (n=1 per treatment), including 0M 180 urea as a control. In each treatment environment, subsamples were obtained at 5, 30, 60 and 90 181 minutes, to create 44 test measures (11 urea environments x 4 time points). We then measured the 182 number (PFU) of surviving viable phage particles over time. These measures were compared to the 183 particle number measured at 5 minutes in the 0M control to estimate changes in percent survival over 184 time. Results (Fig 2) showed that urea concentration had a significant effect on the rate of decay of 185 phage particles (slope of the lines in Fig 2; ANCOVA: F(6, 12) = 128.49, p < 0.001). Specifically, we 186 observed that particle survival was unaffected in 0M urea, whereas phage samples showed significantly 187
negative rates of decay in the five lowest urea concentrations (1M through 5M urea), and that the 188 remaining highest concentrations of urea (6M through 10M urea) caused such rapid particle decay that 189 most measures in these environments were unobtainable (i.e., fell below the limit of detection) (Table  190 1). We concluded that urea concentration was an environmental factor capable of affecting phage 191 OMKO1 survival, depending on the level and time duration of urea exposure. 192
193 Figure 2 . Degradation of phage OMKO1 under different urea concentrations. 194
To measure phage particle survival of urea stress, phage OMKO1 was exposed to a range of urea 195 concentrations then titered over time. Mean percent survival was calculated and is plotted 196
relative to the titer of the 0-minute control (0M). The dashed line denotes 100% survival, the 197 dotted line denotes the limit of detection, and asterisks denote observations that fell below that 198 limit. Concentrations 7M through 10M were tested but caused such rapid particle decay that all 199 measures fell below the limit of detection. 200 201 To estimate the tolerance of phage OMKO1 to heat stress, we exposed samples of phage OMKO1 to six 207 different temperatures ranging from 55 o C to 80 o C for 5, 30, 60, or 90 minutes, (n = 1 per temperature-208 duration combination) creating 24 test combinations (6 temperature environments x 4 time points). We 209 then measured the percent of surviving viable phage particles, relative to the number estimated at 5 210 minutes at 55°C, as described above. Results ( Fig 3A) showed a significant effect of temperature shock 211 on phage OMKO1 decay rate (ANCOVA, F(4, 8) = 125.01, p = <0.001). At the two lowest temperatures 212 (55°C and 60°C), there was no significant evidence of OMKO1 decay over time (Table 2) . However, at 213
65°C there was a significant moderate signal of decay, which became more pronounced at 70°C. 75°C 214
and 80°C caused such rapid particle decay that most measures in these environments were 215 unobtainable (i.e., fell below the limit of detection) ( Table 1 ). Abnormal plaque morphology was also 216 observed in heat-treated phages (data not shown), suggesting possible phenotypic alteration of phage 217 OMKO1 following heat treatment, explored further below. We concluded that heat shock was an 218 environmental factor capable of affecting phage OMKO1 survival, depending on the level and time 219 duration of temperature exposure. 220 Given the observed substantial decay of phage OMKO1 induced by elevated temperatures (Fig. 3A) , we 226 next sought to examine whether heat-induced decay continues exponentially over longer periods of 227 time, as well as the degree of variation in heat-induced decay among different stocks of the phage. We 228 generated five independent phage stocks (A through E) and exposed each to a 5-minute control and four 229 prolonged periods (90, 180, 270 and 360 minutes) of 70°C heat stress (n=1 per stock-duration 230 combination). We then measured the percentage of surviving viable phage particles. Results ( stock A = -0.0161]. We concluded that prolonged exposure of phage OMKO1 to a deleterious heat-shock 237 environment caused reduced percent survival over time, and that biological replicates of the phage 238 behaved similarly in the assayed conditions. 239
Finally, we sought to understand whether the effects of temperature might extend beyond the simple 240 viability of phage particles (as assessed by their ability to form plaques). In particular, we tested how the 241 duration of high temperature exposure affected the growth ability of surviving phage particles on 242 susceptible host bacteria. To do so, we took the phage particles that had been heat-shocked at 70°C for 243 different durations and used dilutions in LB to normalize their concentrations according to how many 244 plaques they formed. Because of low titers, some populations after 270 minutes of heat shock and all 245 populations after 300 minutes of heat shock were unable to be standardized to the necessary 246 concentration (see Fig S1 for data) . Then, we inoculated these standardized suspensions with P. 247
aeruginosa host bacteria in assay wells of a 96-well plate. We grew these cultures for >12 hours, 248
measuring the density (OD600) of bacteria every five minutes using an automated spectrophotometer 249 (see Methods). As expected, the observations revealed that bacterial density increased initially, peaked 250 at a maximum value, and then declined over time as the phage in the mixture lysed the bacterial 251 population (data not shown). As a proxy for phage fitness (virus growth ability on the bacterial 252 population), we computationally determined the peak bacterial density in each well. Here, the peak 253 density is thus negatively related to the fitness of the test phage population, because more fit phage 254 would suppress bacterial density sooner and to a greater degree, producing lower peak densities. For 255 comparison, we included two controls where bacteria were cultured in the absence of phage for >12 256 hours as described above, in normal LB medium and in LB medium that was heat-shocked for 360 257 minutes. 258
As shown in Fig. 3C , we observed a significant effect of phage OMKO1 heat-shock exposure on 259 subsequent fitness of the viruses, as measured by peak density of the bacterial population (ANOVA, F(6, 260 49) = 1478.5, p < 0.001); in addition, we observed significant variation among the phage stocks in both 261 peak density in the absence of heat shock, and how peak bacterial density responded to heat-shocked 262 viruses (ANOVA effect of stock, F(4, 49) = 13.73, p = < 0.001; ANOVA interaction between stock and 263 treatment, F(11, 49) = 27.95, p < 0.001). As expected, the presence of phage OMKO1 reduced peak 264 bacterial density relative to the uninfected bacterial controls, indicating that phage negatively affected 265 bacterial growth (Table 3) . Additionally, any phage exposure to heat shock allowed the peak bacterial 266 density to measurably increase, demonstrating that heat shock generally decreased virus fitness (Tukey 267 Honest Significant Differences among all heat stress treatments showed significant differences between 268 0 minutes and all other treatments at p < 0.01, see Fig 3C) . However, increasing durations of heat shock 269 exposure did not lead to further measurable increases in peak bacterial density, indicating that phage 270 fitness did not further decline with heat-shock duration (Tukey HSD finds no significant differences 271 among 5 minutes through 270 minutes treatments, p ≥ 0.69). Surprisingly, this remained true even after 272 extremely long heat shocks, where the survival rate was very low (e.g. after 180 minutes survival was 273 ~0.01%; Fig. 3B ). Note that this increase in peak bacterial density could not be explained by the effect of 274
heat-shocked medium alone, as heat shocked media reduces peak bacterial density (+ Ctrl Shock vs + 275
Ctrl, two-sample t-test of unequal variance, t = -4.18, df = 8.86, p = 0.002). These results indicated that, 276
in addition to the negative effects of heat shock on phage survival (Figs 3A and B) , any exposure to heat 277 stress reduced the subsequent phenotypic ability (fitness) of phage OMKO1, shown by decreased impact 278 of viruses on the growth of susceptible bacteria. 279 280
Figure 3. Inactivation & fitness suppression of OMKO1 by thermal stress 281
A. To measure phage particle survival of heat stress at different temperatures, OMKO1 was 282 exposed to one of a range of temperatures for 5, 30, 60, or 90 minutes, then titered. Percent 283 survival was calculated and is plotted relative to the titer of the 0-minute 55°C treatment. The 284 dashed line denotes 100% survival, while asterisks denote the first observations that fell below 285 the limit of detection (dotted line). 80°C was tested but caused such rapid particle decay that all 286 measures fell below the limit of detection. B. To measure phage particle survival of heat stress 287 over longer periods of time, and to measure variation in heat stress tolerance between different 288 stocks of OMKO1, five stocks were exposed to 70°C for 5, 90, 180, 270, or 360 minutes, then 289 titered. Percent survival was calculated and is plotted relative to the source stock. The dashed 290 line denotes 100% survival, while the dotted line denotes the highest limit of detection across 291 the five stocks. C. To determine whether phage growth was altered by exposure to heat stress 292 among surviving phage particles, heat shocked phage particles (from Fig 3B) were inoculated 293 with bacteria and grown overnight with repeated measurements of bacterial density. The height 294 of the peak bacterial density was computationally determined and is plotted relative to the 295 negative control wells with no bacteria (dotted line). Thus, this peak height is a reverse proxy for 296 phage fitness. Error bars denote 95% confidence intervals among replicate wells (non-visible 297 error bars are smaller than the points). Positive control bacteria were grown in the absence of 298 phage in LB media ("+ Ctrl") or LB media that had been heat shocked for 360 mins at 70°C ("+ 299
Ctrl Shock"). T-tests showed significant reduction in peak bacterial density between positive 300 controls and unshocked phage (see Table 3 ), and Tukey Honest Significant Differences were 301 used among all heat shock treatments (see main text). 302 303 Due to increasing interest in phage therapy to complement or replace traditional chemical antibiotics, 311
we sought to understand the stability and response of phage particles to environmental stressors. Here, 312
we examined how the therapeutic phage OMKO1 responded to possible degradation caused by salt, 313
urea, and heat stressors as a model of the environmental robustness of a phage therapy candidate. We 314 observed no measurable adverse effect of salinity on phage OMKO1 survival (Fig 1) , but strong effects of 315 both increased urea concentrations (Fig 2) and elevated temperatures (Fig 3A, B) on virus survival. In 316 addition, we found that heat stress generally induced additional reductions in virus fitness, as heat-317 shock surviving phage particles had reduced abilities to suppress a susceptible bacterial population 318 when compared to non-stressed viruses ( Fig 3C) . 319
High temperatures induced both increased decay of phage particles and decreased phage lysis of their 320 bacterial hosts. Phage OMKO1 particles decay approximately exponentially (Fig 3B, linear on log-linear 321 axes), with higher temperatures increasing the rate of degradation, although we have limited resolution 322
to detect a bi-phasic decay, as observed elsewhere [25] . Intriguingly, however, OMKO1 populations 323 experience a drastic reduction in fitness after even a brief exposure to heat stress, while increased 324 durations of heat stress have little additional effect ( Fig 3C) . Along with the observed abnormal plaque 325 morphology after heat shock, these results indicate a strong adverse phenotypic response to 326 environmental temperature conditions. We propose two possible explanations for this observation. The 327
first is that the population of OMKO1 particles is heterogenous in resistance to heat shock, and that 328 stability trades off with fitness. While this sort of stability-function tradeoff is thought to be common for 329 proteins [37, 38] , this explanation is incompatible with the observation of simultaneous high survival 330
and large decreases in fitness for two of the replicate populations (A and E, see Fig 3B, C) . The second 331 explanation is that high temperatures alter viral particle conformations to a lower-fitness state. Thus, 332
any exposure to heat shock alters the state and phenotype of all surviving viral particles, consistent with 333 the observed changes in fitness following heat shock ( Fig 3C) . While this bistability is environmentally 334 induced, phage particle bistability elsewhere has been previously reported to promote the evolution of 335 novel host use [39] . 336
Our observation of deactivation of phage OMKO1 by elevated urea concentrations was consistent with 337
previously-published findings on other phages. For example, in some of the earliest work published on 338 this topic tested the survival of particles of coliphages (viruses that specifically infect Escherichia coli) 339 over time in a 4.61M urea solution, observing decay anywhere from 0 to 7 orders of magnitude within 340 30 minutes [27] . Similarly, phage T4 experienced 90% decay after one minute of exposure to 2.5M urea 341
[28]. By comparison, phage OMKO1 decayed more slowly (~80% after 30 minutes at 5M, Fig 2) , 342
suggesting that this virus has relatively greater tolerance for elevated urea concentrations compared 343
with the limited evidence from other published studies on phage survival. 344
In contrast to our findings with urea, our failure to find an effect of saline stress diverged from 345
previously-published results on other phages. Phages T2, T4, T6 and ps1 have been reported to be 346 deactivated when they are rapidly osmotically shocked from 4M to 0M NaCl, and several phages decay 347 in 0M NaCl, all conditions where we observed no effect [26, 29, 30] . Experimental differences may have 348 contributed to these divergent results, including differences in the rate of dilution and thus severity of 349 osmotic shock (in the former case) or in the shorter length of time our experiments lasted (in the latter 350 case). Additionally, our findings likely reflect some degree of underlying differences in susceptibility to 351 osmotic shock between different phages, where OMKO1 is more tolerant of osmotic shock and saline 352 stress than other reported phages. 353
Our results are also relevant to the understanding of how environmental stressors might affect use of 354 phage OMKO1 in human therapy. All of our experiments were designed to span (and exceed) the range 355 of environmental conditions that phage particles could experience during storage or within therapy 356 applications in the human body. For example, within the human body the concentrations of salt range 357 from roughly 30mM in urine to 135-145 mM in blood [40] , all conditions where we saw no increase in 358 phage OMKO1 decay rate (Fig 1) ; urea concentrations range from 2.6-6.5mM in human blood up to 359 325mM in human urine [41] , again conditions where we observed no increase in phage decay rate (Fig  360  2) ; and human body temperatures can reach a maximum of around 40°C while phage storage conditions 361 could reach perhaps 50°C, again conditions where we expect no effect on phage OMKO1 decay rate 362 based on our findings ( Fig 3A) . These indications of the general stability of phage OMKO1 despite 363 possible environmental stressors are promising for its further potential uses in clinical applications. 364
Future studies on the stability of phage OMKO1 and other therapeutic phages should expand the types 365 of examined stressors, consider interactions between multiple stressors, and begin to more deeply 366 elucidate the nature of the observed phage particle bistability. Our findings were limited by the scope 367 and nature of our experimental designs. Additionally, we carried out 14 statistical tests, so we would 368 expect nearly one of those tests to have been significant by chance (we observed 11 to be significant at 369 p<0.05). Future work can expand on the scope of this study by considering the effects of pH and 370 electromagnetic radiation, as well as interactions among any environmental stressors or between these 371 stressors and storage conditions [e.g. freezing, lyophilizing (freeze drying)]. Additionally, biophysical and 372 imaging approaches could be utilized to understand the mechanistic details behind phage particle 373 stability and conformation, like those underlying the observed changes in phage fitness after any 374 duration of heat stress exposure. While these experiments would deepen our understanding of phage 375 biology and stability, our current work has revealed the limits of the stability of phage OMKO1 and 376 highlighted intriguing nonlinear responses of phages to environmental stress, confirming the need for 377 careful characterization and storage of therapeutic phages for widespread clinical use. 378 379 Acknowledgements 380
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